ABSTRACT: Solid tumors are hypoxic with altered metabolism, resulting in secretion of acids into the extracellular matrix and lower relative pH, a feature associated with local invasion and metastasis. Therapeutic and diagnostic agents responsive to this microenvironment may improve tumor-specific delivery. Therefore, we pursued a general strategy whereby caged small-molecule drugs or imaging agents liberate their parent compounds in regions of low interstitial pH. In this manuscript, we present a new acid-labile prodrug method based on the glycosylamine linkage, and its application to a class of positron emission tomography (PET) imaging tracers, termed [ 18 F]FDG amine congener showed greater relative accumulation in tumors over benign tissue, which could be attenuated upon tumor alkalinization using previously validated models, including sodium bicarbonate treatment, or overexpression of carbonic anhydrase. This new class of PET tracer represents a viable approach for imaging acidic interstitial pH with potential for clinical translation.
■ INTRODUCTION
Metabolic reprogramming in cancer is often accompanied by extracellular matrix acidification. Measurements of tumor pH, using microelectrodes, magnetic resonance, or fluorescence techniques, typically yield an extracellular pH ranging 6.5− 6.9.
1−3 In contrast, normal tissues exhibit an interstitial pH ranging 7.2−7.4. 4 Importantly, acidic interstitial pH has been shown to be associated with local invasion and metastasis in a variety of tumors, including renal cell cancer, breast cancer, colon cancer, and others. 5−7 Treatment of solid tumors with sodium bicarbonate has been shown to increase tumor pH and reduce experimental metastasis. 8 Extracellular acidity has been implicated in resistance to traditional chemotherapeutic agents, and numerous small molecule agents targeting acid transporters are currently under development. 9, 10 Therefore, the presence of acidic interstitium in tumors is both a potential biomarker for the presence of aggressive cancer as well as a therapeutic target.
Since acidic interstitial pH is a common pathologic feature associated with malignancies, the development of acid labile prodrugs has become an area of active research. In this general strategy, a caging group is linked to a chemotherapeutic using an acid labile bond. 11 The most commonly used acid labile bonds for this purpose include imines, hydrazones, acetals, orthoesters, and cis-aconityl linkers. 12, 13 In general, the kinetics of the acid cleavage of these linkers are relatively slow, occurring over a time course of hours to days, which is optimal considering the long circulating half-life of polymer conjugates. However, in the development of acid-labile prodrugs of compounds labeled with short biological or physical (i.e., radioactive substances) half-lives, more rapid cleavage kinetics are required. This represents a particular challenge for the development of pro-drug compounds for imaging using nuclear medicine techniques such as positron emission tomography (PET), which commonly require the use of short-lived isotopes.
Several techniques, principally based on MR imaging, have been developed for the general purpose of visualizing acidic interstitial pH in vivo. 7, 14, 15 While these traditional techniques have yielded important insights, they are often limited by long scan time, poor spatial resolution, low signal-to-noise, and requirement for administering high doses of probe, potentially altering systemic pH. 16−19 In comparison with these other investigational molecular imaging technologies, positron emission tomography (PET) imaging has the potential to overcome some of these limitations, owing to its relatively high spatial resolution, ability to inject tracer doses of radiopharmaceutical, and relative ease of clinical translation. As such, there is a growing interest in PET imaging of acidic interstitial pH, and a few select elegant examples have been reported, including methods based on charge trapping of labeled radiopharmaceuticals 20−22 or pH-dependent insertion of engineered peptides into cell membranes. 23−25 Despite this progress, routine clinical translation of pH imaging remains an outstanding challenge.
With the goal of developing a pH-imaging method primed for clinical translation, we envisioned a pro-drug strategy for targeting acidic interstitial pH using PET, as we have successfully exploited this design concept in our laboratories for sensing extracellular H 2 O 2 in rapidly proliferating cells. 26, 27 In the present strategy, a caged derivative of a clinically utilized PET tracer is prepared, which is selectively degraded to the parent compound upon exposure to acid and can be taken up by adjacent cells. 29−39 In this report, we describe a new strategy of acid labile prodrugs based on the glycosylamine linkage. Their rate of cleavage is tunable based on the pK a of the parent amine, with rapid derivatives allowing application to imaging using PET. Specifically, we describe a family of acid labile prodrug [ 18 18 F]FDG is a reducing sugar, which is in equilibrium with its linear form that contains a unique aldehyde at its 1 position. This position was targeted for caging with an acid labile protecting group (Figure 1 ). Since 18 F has a half-life of 110 min, a rapid degradation reaction is required for this application. In initial studies, the conjugation of [ 18 F]FDG with aryl and benzoyl hydrazine derivatives was examined. We found that the hydrazone formed with benzoyl hydrazine was too stable, with no degradation apparent at pH 6.5 or 7.4 at 1 h, concordant with previous studies of glucose hydrazone stability. 40 Furthermore, aryl hydrazone derivatives could not be isolated due to rapid defluorination (SI Table 1 41−44 Remarkably, despite the well-known acid lability of these compounds, they have not been previously applied to prodrug development. This is likely because glycosylamines of sugars such as glucose, with a hydroxyl group at the 2 position, can undergo the Amadori rearrangement to generate a variety of products. 45 47−50 In all cases, the β-glycoside was the major product. For compounds 1, 2, and 3 the α-glycoside could be isolated as a minor side product. The structural identity of isomers was identified using NMR. In comparison with the α-glycoside, the β-glycoside anomeric proton is shifted upfield (ranging from 3.9 to 4.8 ppm for the β, and 5.2 to 5.4 ppm for the α-epimer). 18 F]FDG by incubation with the parent amine in the presence of acetic acid at 80°C. Reaction times ranged from 1 to 30 min (see Supporting Information for full methods). All compounds were purified by reversed phase HPLC. Representative radio-HPLC traces of the crude reactions are presented in Figure 2 and SI Figures S1−S3. All compounds were greater than 95% pure following synthesis. Radiosynthetic yields are summarized on Table 1. For [ 18 F]FDG amines, the β-glycoside was the major product in all cases, confirmed by coinjection with the 19 F standard ( Figure 2A ,B, SI Figures S4−S8). The α-glycoside was obtained as a minor side product. For [
18 F]FDG oxime 6, the E-oxime was the major product, confirmed by coinjection experiments ( Figure 2C , SI Figure S9 ). The Z-oxime was obtained as a minor side product.
In ]FDG amines at pH 7.4, the normal interstitial pH, and pH 6.5, the mildly acidic pH typically associated with solid tumors (SI Figure S10 ), using an HPLC assay. All compounds were tested at 15 min ( Figure 3A ) and 1 h ( Figure 3B ). There was increased decomposition of [ 18 F]FDG amines 2−5 at pH 6.5 in comparison with pH 7.4. Furthermore, the overall rate of decomposition followed the pK a of the parent amine. These results are concordant with previous studies of other glycosylamines, which also found that the rate of decomposition was accelerated at mildly acidic pH, and proportional to the pK a of 
a Isolated yield. b Based on integration of HPLC peaks. the parent amine. 46 These effects can be rationalized by the known mechanism of hydrolysis of glycosylamines, which requires protonation of the Schiff base intermediate. 46 As expected based on the known hydrolytic stability of oximes, Figure S11) . 55 Overall, these results are consistent with a mechanism of action that requires the presence of acid for maximal cell uptake, and the same mechanism of cellular uptake as [
18 F]FDG, requiring both glucose transporters and hexokinase phosphorylation. 57 Figure 5A . These results are similar to those previously reported, with high levels of uptake in the tumor, brain, and heart, and renal clearance. 54 PET imaging was initially performed using [
18 F]FDG amines 2 and 3, with very low uptake in tumor, likely due to low rates of hydrolysis and/ or rapid clearance kinetics (SI Figure S12) . In order to increase the uptake in the tumor, we performed PET imaging using the more acid-labile derivative [ 18 Figure 5B ). [ 18 F]FDG amine 4 also demonstrates clearance via the hepatobiliary system as well as the renal collecting system. In contrast, [ 18 F]FDG oxime 6 demonstrates no significant uptake in tumor, heart, or brain ( Figure 5C ), with clearance via the hepatobiliary and renal collecting systems.
Consistent with previous results, [ 18 F]FDG shows uptake in the tumor, but a much higher degree of uptake in the heart ( Figure 5A ). In contrast, [ 18 F]FDG amine 4 shows a similar degree of uptake in the tumor and heart ( Figure 5B ). [ 18 F]FDG oxime 6 shows very low uptake in both heart and tumor ( Figure 5C , but reduced uptake in the heart (15 vs 57% i.d./g, respectively).
These findings are consistent with a mechanism of action in which relatively greater levels of uptake of tracer is seen in (Figure 1) .
Next, the uptake of [ 18 F]FDG amine was tested following alkalinization of the tumor, using previously validated models, genetic overexpression of carbonic anhydrase IX (CAIX), or pharmacologic modulation with bicarbonate. Xenografts generated from the previously described PC3-CAIX cells constitutively overexpress carbonic anhydrase IX, and form xenografts that are more alkaline in comparison with unmodified PC3 tumors. In particular, Viola-Villegas et al. found that the average interstitial pH of PC3 xenografts is 6.93 ± 0.03, and that of PC3-CAIX tumors is 7.07 ± 0.04. 25 Treatment with sodium bicarbonate has been extensively used to alkalinize the tumor microenvironment, by an average of 0.3−0.8 pH units, without significant effects on systemic pH, in several different animal models of malignancy. 6,8,59−64 Thus, PC3-CAIX and PC3 with bicarbonate treatment are wellvalidated models of alkalinization in previously acidic tumor xenografts.
We performed PET imaging in sodium bicarbonate treatment, PC3-CAIX, and control PC3 groups using 18 F]FDG oxime 6 was very low in both control and treatment groups. Similar trends were observed when tumor:muscle uptake ratios were calculated (SI Figure S13) . To verify that this effect was specific to the tumor rather than an alteration in systemic pH, uptake in muscle, heart, and tumor was compared in PC3 xenograft mice in bicarbonate treatment, PC3 CAIX, and control groups ( Figure 6B ). While uptake in tumor was significantly reduced by sodium bicarbonate treatment or carbonic anhydrase overexpression, uptake in heart or muscle was not. Overall, these data support a mechanism of uptake that requires interstitial acidity for full uptake of radiopharmaceutical ( Figure  1 ).
■ DISCUSSION
We have presented the design of a generally applicable prodrug strategy for targeting of acidic interstitial pH. This strategy was applied to a new class of PET imaging tracers for probing the acidic interstitial tumor microenvironment. Interstitial acidity is a promising biomarker for detecting the presence of aggressive subpopulations of cancer. Since glycosylamines are in equilibrium with the parent sugar and amine, the compounds can be readily synthesized in the presence of excess amine (Scheme 1). Following dilution to tracer levels, the parent amine is present at low concentrations, and the hydrolysis reaction is favored. Notably, the rate of decomposition to [ 18 F]FDG is tunable in a predictable manner based on the pK a of the parent amine. [ 18 F]FDG amines were applied to an uptake assay in PC3 cells, with the key finding that uptake is increased at mildly acidic pH, and likely requires glucose transporters. Uptake of [
18 F]FDG amine 4 in PC3 xenograft tumors was elevated relative to healthy tissue as shown by PET imaging and biodistribution experiments, whereas the control compound [ 18 F]FDG oxime 6 with no pH sensitivity exhibited relatively low uptake. Alkalinization of the tumors with sodium bicarbonate, or by overexpression of carbonic anhydrase, reduced [ 18 F]FDG amine uptake, supporting a mechanism of radiopharmaceutical uptake requiring interstitial acidity. While interstitial acidity appears to modulate probe uptake in tumor, it is likely that there is some spontaneous decomposition of the FDG amine to FDG in neutral pH tissues, potentially increasing probe uptake in nonacidic tissues. However, the serum stability results demonstrating that the probe was 78% intact at 1 h, as well as the relative decrease of uptake in the PC3 CAIX model, argue against the possibility that nontumoral hydrolysis is the major mechanism of probe uptake. Nevertheless, this represents a potential limitation of this technique, and an important area for future study.
The rate of hydrolysis of [ 18 F]FDG amines is tunable and follows the pK a of the parent amine, consistent with prior studies, and as expected based on the known mechanism of glycosylamine hydrolysis. 46 These different rates of hydrolysis are best suited for different applications. For example, the relatively stable [ 18 F]FDG amine 2 performed well in a cellbased assay that requires 1 h incubation. In contrast, the more unstable 4-phenylbenzylamine [ 18 F]FDG amine 4 performed well in vivo. This is likely because the rapid time frame of hydrolysis coincides with rapid clearance of the radio- pharmaceutical. Further experiments are necessary to determine which rate of hydrolysis is optimal for providing the best contrast to noise ratio for imaging the acidic microenvironment. In a more general sense, the concept of tunable glycosylamine linkages may find wider applicability as a prodrug strategy. For example, the more stable [ 18 F]FDG amine linkages could find application in imaging using longer-lived therapeutic isotopes or stable contrast agents, or in drug delivery. In this regard, an outstanding challenge will be to minimize side reactions such as the Amadori rearrangement, which results in glycosylamines of sugars with a hydroxyl group at the 2 position.
[
18 F]FDG amines differ from previously reported methods for imaging acidic pH in several ways, and complement existing technologies. Magnetic resonance based techniques are the most commonly used in the field; however, these techniques have several limitations, including a relatively small field of view, low spatial resolution, low signal-to-noise ratio, requirement for administration of high doses of probe, potentially perturbing tissue pH, and requirement for specialized coils and equipment. 7, 14 66 This solution was dried azeotropically using acetonitrile. 250 μL of 0.5 M solutions of the amine precursors, with 0.25−0.5 M acetic acid, were added to the residue. The resulting mixtures were incubated at 80°C for 1− 30 min, and then purified using semipreparative HPLC. Purified fractions were used directly for HPLC degradation, serum stability, and cell uptake experiments. For imaging and biodistribution experiments, compounds were reformulated into saline as follows: the HPLC eluates were diluted 1:1 with water, and loaded onto C18 Sep Pak Plus cartridges (Waters, Milford, MA). The cartridges were washed with 10 mL water, and eluted with 1 mL ethanol. The resulting eluates were dried under nitrogen stream and vacuum at room temperature to remove residual ethanol. The final products were diluted in normal saline with 10 mM sodium phosphate buffer pH 8.0 (included to minimize radiopharmaceutical decomposition prior to administration) for injection. For full experimental details, see Supporting Information.
HPLC Degradation Assay. To 200 μL of the HPLC purified compounds 1−6 or the indicated hydrazone derivatives was added 1.8 mL of 0.2 M sodium phosphate, at either pH 7.4 or 6.5. The mixtures were incubated at 37°C. At 15 min and 1 h, 500 μL was injected on analytical scale C18 HPLC using the elution conditions outlined above.
Cell Uptake Studies. For cell uptake experiments, PC3 cells were seeded at a density of 4 × 10 5 cells per well in 12-well plates (Corning, USA) and grown at 37°C, 5% CO 2 for 24 h. Cells were cultured at 37°C in a 5% CO 2 incubator in the following media: RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 IU mL −1 penicillin, and 100 μg mL
streptomycin. On the day of the experiment, cells were washed twice with ice cold PBS, followed by incubation for 3 h at 37C, 5% CO 2 in fresh free glucose medium without FBS (RPMI1640−0.5 mL per well). Thirty minutes before adding radioactive compounds, the wells were treated with cytochalasin B (CB, EMD Millipore Biosciences) dissolved in DMSO. CB is a potent reversible inhibitor of sugar uptake in cultured cells. 56 CB solutions were prepared from a stock solution of 1 mg/mL, which was stored frozen and protected from light. CB was added in order to reach a concentration of 10 mM in the cells medium. Control wells instead received the equal volume of DMSO (0.25% to 1% final DMSO concentration). Before adding radioactive compounds, the medium was removed and fresh free glucose medium without FBS with 10 mM and pH adjusted (7.4 or 6.5) was added to the cells (RPMI1640−0.5 mL per well). Viability of cells was determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) cell proliferation assay as described in the Supporting Information. Then 5 μCi of each radioactive compounds (FDG, FDGamine, and FDGoxime) was added for each condition. The cells were incubated at 37°C, 5% CO 2 for 30 min. Following incubation, the cells were washed twice with ice cold PBS and retained for analysis (externalized fraction). The cells were lysed with 1 mL of 1 M NaOH and collected (cell associated fraction). The externalized and cell associated fractions were counted in a gamma counter and expressed as a percentage of the total activity added per equal relative number of cells (as determined using a MTT Cell Proliferation Assay as detailed in Supporting Information). Experiments were performed in triplicate.
Xenograft Mice. 18 F]FDGoxime 6 was injected via the tail vein catheter. The animals were placed on a heating pad for 55 min to minimize shivering and brown fat uptake. At 1 h post-injection, the animals were transferred to a Siemens Inveon micro PET-CT system (Siemens, Erlangen, Germany), and imaged using a single static time frame of 10 min. A micro-CT scan was then obtained for attenuation correction and anatomical co-registration. No adverse events were observed during or after injection of any compound. Anesthesia was maintained during imaging using isofluorane. All spectra were viewed using open source Amide software (amide.sourceforge.net). Quantification of uptake was performed by drawing regions of interest over indicated organs or tumor on the CT portion of the exam, and are expressed as % injected dose per gram.
Sodium Bicarbonate Treatment Protocol. At 3 weeks post-inoculation with PC3 cells, mice were split into two groups of 4 animals. One group was given sterile water, and one 200 mM sodium bicarbonate ad libitum. Imaging was performed on days 4, 5, and 6 of treatment using [
18 F]-FDGamine 4, [
18 F]FDG, and [ 18 F]FDGoxime 6, respectively. Statistical Analysis. All data were analyzed in Microsoft Excel. Data were analyzed using unpaired two-tailed Student's t test. Differences at the 95% confidence level (P < 0.05) were considered to be statistically significant. All graphs are depicted with error bars corresponding to the standard error of the mean. To allow comparison with previously published results, biodistribution studies are reported ± standard deviation.
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